Abstract Cardiac oxidative stress is developed following myocardial infarction (MI) particularly in the first week of MI. The influence of reactive oxygen species (ROS) on gene expression profiling and molecular pathways in the infarcted myocardium remains uncertain and is explored in the present study. Rats with MI were treated with or without antioxidants for 1 week. Normal rats served as controls. Cardiac oxidative stress and gene profiling were investigated. Compared to normal hearts, malondialdehyde, a marker of oxidative stress, was significantly increased in the infarcted myocardium, which was significantly suppressed by antioxidants. Microarray assay showed that over a thousand genes were differentially expressed in the infarcted myocardium. Antioxidants significantly altered the expression of 159 genes compared to untreated MI rats. Ingenuity pathway analysis indicated that multiple pathway networks were affected by antioxidants, including those related to cell movement, growth/development, death, and inflammatory/fibrotic responses. IPA further identified that these changes were primarily related to NFjB, p38 MAPK, and ERj1/2 pathways. Hub genes were identified in the associated gene networks. This study reveals the gene networks associated with cardiac oxidative stress postMI.
Introduction

ROS, such as superoxide (O 2
-), hydroxyl (OH -), nitric oxide (NO), and peroxynitrite (ONOO -), are simple molecules characterized by the presence of unpaired electrons. ROS can be produced intracellularly by electron leakage from the mitochondria during oxidative phosphorylation and by activation of several cellular enzymes, including NADPH oxidase, xanthine oxidase, and nitric oxide synthase [1] [2] [3] [4] . Living cells have both enzymatic and nonenzymatic defense mechanisms to balance the multitude of oxidative challenges presented to them. The enzymatic subgroup includes superoxide dismutase (SOD), catalase, and glutathione peroxidase (GSHPx) [5, 6] . The nonenzymatic group includes a variety of biological molecules, such as vitamins E and C [7] .
ROS have emerged as important in many pathophysiological processes. Their effects can be beneficial or deleterious at the site of production. In addition to their wellknown damaging effects, ROS also have signaling roles, acting as second messengers that modulate the activity of diverse intracellular signaling pathways and transcription factors [8, 9] . ROS may influence signal transduction pathways through changes in the activity of redox-sensitive protein kinases; through altering the activity of redoxsensitive transcription factors; and/or through direct effects on enzymes or receptors [8, 9] .
Oxidative stress occurs when ROS production is enhanced and/or antioxidant reserve is depleted. Following acute MI, cardiac oxidative stress is developed, particularly in the infarcted myocardium. NADPH oxidase is a major source of O 2 -in the infarcted myocardium [10, 11] . Furthermore, inducible nitric oxide synthase, a major source of NO in the repairing tissue, is significantly increased in the infarcted myocardium [12] , leading to enhanced NO production. As a result, ROS production is elevated in the infarcted myocardium and contributes to the development of oxidative stress in the infarcted heart. Impaired antioxidant capacity also plays a role in oxidative stress in the infarcted heart. Singal and colleague have shown evidence of the progressive decrease of SOD, catalase, and GSHPx activity as well as vitamin E levels in the infarcted rat heart [13] . Cardiac glutathione levels are also decreased in patients with acute MI [14] .
Oxidative stress is most evident in the infarcted myocardium during the first week postMI [10] . ROS have been proven to be one of the stimulators of cardiac repair/ remodeling. Antioxidant treatment (AT) reduced vascular density, apoptosis, inflammation, and fibrosis in the infarcted myocardium [15] [16] [17] [18] [19] . However, the underlying molecular basis is not fully explored. In the current study, we sought to determine the effects of ROS on gene expression profiles and signaling pathways at the infarcted myocardium in the early stage of MI. Our hypothesis is that ROS regulate various molecular and cellular actions of cardiac repair/remodeling via multiple gene networks.
Materials and methods
Animal model
Left ventricular anterior transmural MI was created in 8-week-old male Sprague-Dawley rats (Harlan, Indianapolis, IN) by permanent ligation of the left coronary artery with silk ligature. Rats were anesthetized, intubated, and ventilated with a rodent respirator. After left thoracotomy, the heart was exposed and 7-0 silk suture was placed around the left coronary artery. The vessel was ligated, which results in 40-45 % left ventricular infarction, the chest was closed, and lungs were reinflated using positive-end expiratory pressure [20] . Pharmacological intervention with antioxidants was used to suppress O -in the infarcted heart. The following animal groups were included: (1) normal rats; (2) rats with MI; and (3) rats with MI treated with combination of antioxidants, tempol (a free radical scavenger) (Sigma, St. Louis, MO) and apocynin (a NADPH oxidase inhibitor) (Sigma, St. Louis, MO), each 120 mg/kg/day given by gavage twice a day for 7 days (n = 6/group). The combined treatment with two antioxidants can suppress ROS production as well as enhance ROS clearance, thus maximizing the antioxidative effect. Cardiac function was monitored, hearts were then removed, rinsed in cold normal saline, frozen in isopentane with dry ice, and kept at -80°C. This study was approved by the University of Tennessee Health Science Center Animal Care and Use Committee.
Malondialdehyde assay
The left ventricle from the normal heart and infarcted myocardium from the infarcted heart were dissected and homogenized. After centrifugation, supernatant MDA concentration was determined colorimetrically using a commercially available kit (Oxis International Inc, Foster City, CA, USA). Duplicate aliquots of supernatant were incubated at 45°C with 7.7 mM N-methyl-2-phenylindole in acetonitrile/methanol and 15.4 mM methanesulfonic acid. After clarification by centrifugation, absorbance was measured at 586 nm using 1,1,3,3-tetramethoxypropane as a standard.
RNA isolation and microarray analysis
Total RNA from the left ventricle of the normal heart and infarcted myocardium from the infarcted heart was isolated using TRIzol reagent (Invitrogen, Grand Island, NY) and purified by the RNeasy MiniElute Cleanup kit (Qiagen, Valencia, CA). The concentration and quality of the extracted RNA were determined by ND-1000 Spectrometer (NanoDrop) and Agilent Bioanalyzer (Agilent, Santa Clara, CA), respectively. Highquality total RNA with a RIN (RNA integrity score) number of more than seven was used to generate cDNA and cRNA with the Illumina Ò TotalPrep TM RNA amplification kit (Ambion, Grand Island, NY). The procedure consisted of reverse transcription with an oligo(dT) primer bearing a T7 promoter using ArrayScript TM , a reverse transcriptase (RT) engineered to produce higher yields of first-strand cDNA than wild-type enzymes. ArrayScript catalyzed the synthesis of full-length cDNA and ensured production of reproducible microarray samples. The cDNA then underwent second-strand synthesis and clean-up to become a template for in vitro transcription with T7 RNA polymerase and biotin UTP, which generates multiple copies of biotinylated cRNA. After purification, the purity and concentration of cRNA was ascertained using ND-1000 Spectrometer (NanoDrop). High-quality cRNA was then used with the Illumina direct hybridization array kits. cRNA sample (1.5 lg) was hybridized on RatRef-12 expression beadchip for 16 h in a multiple-step procedure according to the manufacturer's instructions. The chips were then washed, dried, and scanned on the Bead Array Reader (Illumina, San Diego, CA), and raw data were generated using GenomeStudio 3.4.0 (Illumina, San Diego, CA). Normalization for the raw data was performed using Illumina Genome Viewer 3.2.9. Six rats per group were used for the RNA isolation and profiling. The statistical difference of the genes between the normal and MI or MI and MI ? AT groups were analyzed by paired t test, with a significant level of p \ 0.05.
Analysis of molecular networks
IPA was used to identify biologically relevant networks affected by antioxidants. Selected genes with unique gene identifiers (Agilent probe set ID) and their corresponding fold-change values were uploaded as a tab-delimited text file where the gene identifiers were mapped to their corresponding gene object in the Ingenuity database. These were then called ''focus genes'' and used as starting points to query the database to generate biological networks with a statistical score provided for each network, indicating the probability of the focus genes within a network being due to random chance (a score 2 signified\1 % chance that the focus genes were randomly linked) [21] .
RT-PCR
Total RNA was extracted from cardiac tissue using Trizol Reagent (Invitrogen, Carlsbad, CA). The RNA was treated with DNase using TURBO DNA-free kit (Ambion, Austin, TX), and purified with RNeasy Mini Kit (Qiagen Inc, Valencia, CA). The purification, concentration and integrity of the RNA were examined with NanoDrop spectrophotometer (Thermo Scientific, Wilmington, DE), and Agilent Bioanalyzer (Agilent Technologies, Foster City, CA), respectively. cDNA was prepared from total RNA using a High Capacity cDNA reverse transcriptase kit (Applied Biosystems, Foster City, CA). The gene-specific probes and primer sets for VCAM, MT3, MMP12, and CD8A were deduced using Universal ProbeLibrary Assay Design software (https://www.roche-applied-science.com). VCAM, MT3, MMP12, and CD8A mRNA levels were detected and analyzed on an LightCycler 480 System (Roche, Indianapolis, IN) under the following cycling conditions: 1 cycle at 95°C for 5 min and then 45 cycles at 95°C for 10 s, 60°C for 30 s, and 72°C for 10 s. The PCR mix contained 0.2 ll of 10 lM primers, 0.1 ll of 10 lM Universal library probe, 5 ll of LC 480 master mix (2X), 2 ll of template cDNA, and RNase-free water to 10 ll. TATA box-binding protein has been selected as endogenous quantity control. Fold change was used to compare the difference between two groups.
Echocardiographic assessment of left ventricular function
Rats were lightly anesthetized with isoflurane at a constant volume and anesthetic time. Transthoracic echocardiography was performed in the left lateral decubitus position using an echocardiographic system (Sonos 4500 with a 7-to 11-MHz transducer). The parasternal short-axis view under twodimensionally M-mode at the level of the papillary muscle was recorded, and the left ventricle diastolic and systolic diameters were measured to calculate fraction shortening in accordance with the guidelines of American Society of Echocardiography.
Statistical analysis
Statistical analyses of MDA, RT-PCR, and echocardiography data were performed using analysis of variance. Values are expressed as mean ± SEM, with P \ 0.05 considered significant. Multiple group comparisons among controls and each group were made by Scheffe's F-test.
Results
Oxidative stress in the infarcted myocardium ROS degrade polyunsaturated lipids, forming stable MDA. The latter is used as a biomarker to measure the level of oxidative stress. Compared to the normal heart, MDA level was significantly increased in the infarcted myocardium, which was significantly suppressed by AT (Fig. 1) .
Changes of gene expressions in the infarcted myocardium
Compared to the normal heart, over a thousand genes were differently expressed in the infarcted myocardium in the early stage of MI, including those which significantly decreased and increased (data not shown). Effect of antioxidants on cardiac gene expression profiling
Compared with untreated rats with MI, AT significantly suppressed the expression of 159 genes in the infarcted myocardium. However, antioxidants barely increase expressions of genes in the infarcted myocardium. The ingenuity analysis revealed that antioxidants statistically changed 12 pathway networks in the infarcted myocardium by suppressing expressions of various genes in these networks. Each network, summarized in Table 1 , includes all genes in that network, genes altered by antioxidants, statistical score, and top functions of the network. Network 1 functions in inflammatory response and cellto-cell signaling. NF-kB plays a key role in network 1 (Fig. 2) . Network 2 controls cellular assembly and organization, cellular function and maintenance, and inflammatory response. Actin and CD44 play key roles in network 2 ( Fig. 2) . Network 3 functions in cell death, lipid metabolism, and cellular transport. ERK, RAF1, and Ap1 play key roles in network 3 ( Fig. 2 ). Network 4 controls cellular movement, cell-to-cell signaling and interaction, and tissue development. Integrin and VCAM play key roles in this network (Fig. 2) .
Network 5 functions in gene and cell cycle. Cyclin A plays a key role in network 5 ( Fig. 3 ). Network 6 acts in cell signaling, post-translational modification, and cellular compromise. ERK1/2, LAT, and SYK play key roles in network 6 (Fig. 3) . Network 7 regulates cell death, cellular movement, connective tissue development and function. TNF and MAPK1 play key roles in this network (Fig. 3) . Network 8 controls drug metabolism, endocrine system development/function, and lipid metabolism. Myc plays key role in network 8 (Fig. 3) .
Network 9 functions in cell-to-cell signaling and interaction and inflammatory response. ICAM1 and TGFb1 play major roles in network 9 (Fig. 4) . Network 10 regulates cellular function and maintenance, cellular assembly and organization, and cellular movement. IFN-c plays a key role in this network (Fig. 4) . Network 11 controls cell signaling, small molecule biochemistry, and free radical scavenging. P38 MAPK, VEGF, and NADPH oxidase play key roles in this network (Fig. 4) . Network 12 functions in cell-to-cell signaling and interaction and immune cell trafficking. IFN-b, Interferon-a, and IL12 play key roles in this network (Fig. 4) .
Gene symbols and names altered by antioxidants are listed in Table 2 .
Validation of microarray results by RT-PCR
The expression of four selected genes (VCAM, MT3, MMP12, and CD8A) was verified between MI and MI-AT group by quantitative RT-PCR. The fold changes in the expression levels of target genes revealed by RT-PCR were similar to those determined by microarray (Fig. 5) .
Ventricular function
Compared with the normal heart, the fraction shortening was significantly reduced in the infarcted heart. AT, however, did not affect the fraction shortening in the infarcted heart (Fig. 6 ).
Discussion
Oxidative stress is developed in the infarcted myocardium, which is most evident in the first week postMI [10] . The current study has indicated that multiple signaling pathways and networks are activated in the infarcted myocardium by ROS in the early stage of MI. The top functions of these pathways and networks are as follows.
The role of ROS on cardiac cell growth, assembly, function, and maintenance Our data have shown that AT significantly reduces MDA levels in the infarcted myocardium, indicating that cardiac oxidative stress is successfully suppressed in rats receiving antioxidants.
Compared to MI rats, the expression of genes related to cell growth, assembly, function, and maintenance are significantly reduced in the infarcted myocardium in rats treated with antioxidants. Our data also reveal that multiple pathway networks are involved in the regulation of ROS on cell growth and function. Antioxidants significantly suppress the majority of gene expressions in network 2. The top functions of the network are related to cellular assembly and organization, cellular function and maintenance. The key molecules in the network include actin and CD44. Actin participates in cell mobility, division, and movement; and CD44 is involved in cell-cell interactions, cell adhesion and migration. These data indicate that ROS activate the signaling network in the infarcted myocardium, contributing to cell growth and maintenance during cardiac repair.
In addition, our study also showed that antioxidants significantly altered multiple genes in several other networks, of which the top functions are also related to cell movement, tissue development, cell cycle, and cellular assembly. The key pathways and molecules of these networks include integrin and ERK1/2. Integrin plays a role in cell signaling and regulates cellular shape, motility, and cell cycle. ERKs are involved in functions including the regulation of meiosis, mitosis, and post-mitotic functions. These observations indicate that ROS stimulate cell growth through multiple pathway networks, which have overlapped cellular functions. Cell growth, movement, and assembly are active in the infarcted myocardium, particularly in the first week post-MI. MI induces loss of myocardium and blood vessels. The growth of new blood vessels (angiogenesis) and scar tissue at the site of myocyte loss preserves structural integrity and is central to the heart's recovery. Angiogenesis requires endothelial cell proliferation, migration, adhesion, and lumen formation. Myofibroblasts play a major role in scar formation in the infarcted myocardium [22, 23] . These cells are not residential cells in the heart, appear in the infarcted myocardium soon after MI, rapidly proliferate, and become a major cell type in the infarcted myocardium. Our previous study has demonstrated that angiogenic and fibrogenic responses are most evident in the infarcted myocardium within the first week postMI, which is spatially and temporally coincident with the development of oxidative stress [24, 25] . ROS have been shown to increase vascular density and fibrosis [24, 26] . Thus, enhanced ROS in the infarcted myocardium may stimulate endothelial cell and myofibroblast proliferation and movement through multiple pathway networks and facilitate angiogenesis and scar formation in the early stage of MI.
The role of cardiac ROS on inflammatory and fibrotic responses
The current study has further revealed that antioxidants significantly alter the expression of multiple genes related to inflammatory response. Several pathways and networks are found to be involved in the regulation of ROS on inflammation. Inflammatory response initiates the process of cardiac repair following MI. Our data have shown that ROS play a role in immune cell trafficking in the infarcted myocardium, which facilitates inflammatory cell infiltration. Our study further reveals that antioxidants significantly suppress the majority of genes in network 1 with top functions of inflammatory response. NF-kB is a key molecule in this network. NF-jB is a transcription factor, which maintains an inactive form bound to its inhibitory subunit Ikappa B under normal conditions. It is activated by various local substances, including ROS [27] . Upon activation, NF-jB stimulates inflammatory and immune responses and cellular growth by increasing the expression of specific cellular genes. Its activation has been demonstrated in various models of myocardial ischemia and reperfusion [17, 28] . Activated NF-jB triggers gene expression of interstitial and vascular adhesion molecules, leading to leukocyte infiltration into the infarcted myocardium, as well as monocyte chemoatrractant protein-1, and inducing recruitment of mononuclear cells. It also triggers gene expression of proinflammatory cytokines, such as TNF-a and interleukins, and initiates inflammatory response [29] . Our findings have confirmed that ROS promote inflammatory response through the NF-kB pathway. The current study has further shown that antioxidants also suppress multiple genes in other networks with top function of inflammatory response. This observation indicates that ROS regulate inflammation via numerous pathway networks. The current study has also revealed that antioxidants suppress the expression of various genes in the network with the top function of connective tissue development, demonstrating the role of ROS on fibrous tissue formation in the infarcted myocardium in the early stage of MI. The previous studies have indicated the upregulation of ROS on collagen synthesis in the pathological conditions [30, 31] . In vitro studies have further stated that ROS promotes fibroblast proliferation and type I collagen gene expression in cardiac fibroblasts [32] . Scar formation is a major feature of cardiac repair, which is required to maintain heart integrity following MI. However, the effect of ROS on fibrous tissue formation may be harmful to the heart. ROS have been reported to promote interstitial fibrosis in the noninfarcted myocardium, contributing to ventricular dysfunction [4] . Thus, ROS play both beneficial and deleterious effects on fibrous tissue formation in the infarcted heart. The role of ROS on cardiac gene expression, cell signaling, and cell-to-cell signaling
Another important effect of ROS we observed in the study is its regulation on gene expression, cell signaling, and cellto-cell signaling in the infarcted myocardium. Antioxidants significantly reduced the expression of a number of genes in several pathway networks, which have overlapping functions in gene expression, cell signaling, and cell-to-cell signaling. The key molecules of these networks include NF-jB, integrin, EKR1/2, TGF-b1, p38MARK, and interferon. The data indicate that ROS stimulate gene expression, cell signaling, and cell-to-cell signaling through multiple pathway networks. These molecular and cellular functions are involved in various reactions related to cardiac repair/remodeling postMI. The alteration of ROS on gene expression and cell signaling has been reported in various cell types. ROS increase the expression of genes related to atherosclerosis and vascular remodeling in endothelial cells [33] . Hydrogen peroxide is found to increase extracellular matrix gene expression via TGF-b1 signaling pathway in human mesangial cells [34] . NADPH oxidase-derived ROS have been reported to stimulate VEGF and PDGF signaling pathways in smooth muscle cells [35] . Therefore, ROS stimulate gene expression and cell signaling in various cell types and pathological conditions.
The role of antioxidants on ventricular function
Our study has shown that ventricular dysfunction is developed in rats with MI at one week postMI. AT, however, did not impact ventricular function in the infarcted heart at the early stage of MI. ROS have both beneficial and detrimental effect on the infarcted heart. It promotes cardiac repair, which is constructive to cardiac recovery. On the other hand, oxidative stress also induces myocardial remodeling, including myocyte apoptosis, hypertrophy, and interstitial fibrosis in the noninfarcted myocardium, which may contribute to the development of ventricular dysfunction. Antioxidant supplement have been effective in the treatment of animal paradigms; however, the data for the possible benefits of treatment for patients with heart failure have failed to demonstrate convincing benefits [36] .
Limitations of the study
Our previous findings have shown that cardiac oxidative stress is most evident in the first week postMI. Accordingly, the current study was focused on the regulation of ROS on cardiac gene expression profiling and cardiac function at day 7 postMI. However, the effect of ROS on cardiac gene networks and cardiac function may vary at different stages postMI. In summary, AT significantly suppresses expression of numerous genes related to cell growth, inflammatory/ fibrogenic responses, gene expression, and cell signaling in the infarcted myocardium in the early stage of MI. These findings suggest that ROS play a role in various molecular and cellular functions involved in cardiac repair/remodeling through multiple pathways networks.
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